Introduction
The seasonal cycle of growth and dormancy is a distinct characteristic of perennial plants, with this phase change representing one of the most basic adaptations of trees to their environment. Seasonal changes in the amount of substances in the xylem sap of woody plants (Tromp and Ovaa 1990, Bertrand et al. 1997) suggest that root functions are regulated by environmental factors in the root and/or by shoot-synthesized signals. In spite of the importance of bidirectional signal transfer between shoots and roots for the environmental adaptation of plants, studies related to the annual rhythms of woody plants have focused on shoots. In deciduous trees, root growth and the uptake of water and mineral nutrients are initiated in advance of dormancy break and shoot growth (Teskey and Hinckley 1981, Lachaud 1989) . Moreover, root starch stored in the winter season is degraded to disaccharides or monosaccharides that are transported to the shoot and contribute to shoot growth after dormancy break (Canam et al. 2008) . Hence, the annual growth rhythms in woody plants are different in shoots and roots. Although annual rhythms of root function are difficult to physiologically study in trees because of the lack of model woody plants used for S Sh ho or rt t r re ep po or rt t molecular research, elucidation of the entire Populus trichocarpa genome (Tuskan et al. 2006 ) and identification of expressed sequence tags of Populus (Kohler et al. 2003 , Sterky et al. 2004 ) have triggered molecular biological research in deciduous trees. The increasing information about dormancy makes poplar one of the best model deciduous trees for investigating growth rhythms. In this study, seasonal changes in the composition of organic and inorganic substances of poplar xylem sap were analyzed to elucidate the annual rhythms of root function and the involvement of xylem sap substances in winter adaptation.
Materials and Methods

Plant material and climate
Xylem sap was collected from a Populus nigra plant (80 cm in diameter) growing at the University of Tsukuba in Ibaraki, Japan (latitude 36 05' N, 140 07' E; altitude 25 m). We used one tree for the collection of xylem sap, near the university building where the electricity is available for the collection equipment. During the experimental period (from February 8, 2007 to October 8, 2008 , local air temperatures of the two winter seasons were obtained from the Agricultural and Forestry Research Center of University of Tsukuba (Fig. 1 ). The second season had a decrease in temperature, especially the minimum temperature, that occurred about 1 month earlier than in the first season, as well as a longer period of average temperatures below 5.0C. Temperatures in March and April were similar in both seasons.
Collection of xylem sap
To collect poplar xylem sap, a side branch (2.0 cm in diameter) was cut ~1.0 m above the soil surface. The cut branch surface was rinsed with distilled water and connected via a tube to a sample collection container (Fig. 2) 
Measurement of xylem sap substances
To measure inorganic elements, xylem sap was filtered through a 0.22-m membrane (Millipore, Billerica, MA, USA) and analyzed for Na, Mg, K, Ca, Mn, Fe, Co, Ni, and Zn by inductively coupled-plasma atomic emission spectrometry (ICP-757, Jarrell-Ash, Franklin, MA, USA) at Chemical Analysis Center, University of Tsukuba. Ionic components (F -, PO 4 3-, SO 4 2-, and Cl -) in filtered xylem sap were analyzed by ion chromatography (IC-1000, Yokogawa Electric Corporation, Tokyo, Japan). The NH 4 + concentration was measured using the indophenol method according to Sagi (1966) . Concentrations of all other ionic components and inorganic elements were calculated using standard solutions (Wako Pure Chemical Industries, Osaka, Japan). For sugar purification, the sugars in 1 ml of 
Fig. 2.
Xylem sap collection with P. nigra. The cut branch was connected via a tube to a sample collection container and the container was maintained at 0.08 MPa with a vacuum pump (a). During the collection period, xylem sap was stored in the flask and the temperature of the container and xylem sap was kept below 10C (b). sap were absorbed by Sep-Pak NH 2 columns (Waters, Milford, MA, USA), washed with 1 ml of distilled water, eluted with 2 ml of 80% (v/v) acetonitrile, and then dried by evaporation. Glucose and sucrose were measured using glucose and sucrose assay kits (Bio Vision, Mountain View, CA, USA). To analyze amino acids, a mixture of 2 ml xylem sap and 8 ml 100% ethanol was centrifuged at 18000 ×g for 30 min at 4 o C and the supernatant was collected and freeze dried. Samples were re-dissolved in 0.5 ml of 0.2 M sodium phosphate buffer (pH 6.5), filtered through a 0.22-m membrane (Millipore), and adjusted to pH 2-3. Amino acid concentrations were determined using an amino acid analyzer (JLC-500/V2, JEOL, Tokyo, Japan). Citrate and malate concentrations were quantified using the enzymatic method of Delhaize et al. (1993) , using 0.3 and 0.2 ml of xylem sap, respectively. Plant hormones were measured with the mass spectrometry (MS)-probe method using 2 ml of xylem sap according to Kojima et al. (2009) . The total protein in 10 ml of xylem sap was precipitated with 80% (v/v) ethanol at 4 o C overnight, collected by centrifugation at 18000 ×g for 30 min at 4 o C, and re-dissolved in 200 μl of distilled water, and the protein concentration was determined using a protein assay kit (Bio-Rad, Hercules, CA, USA) with bovine serum albumin as a standard.
Results and Discussion
Comprehensive analysis of the organic and inorganic substances in xylem sap was performed using the poplar xylem sap collected in two years (Table 1) . Since the concentration figures of xylem sap substances showed small fluctuations, we focused mainly on the obvious changes indicating seasonal pattern.
The amount of xylem sap obtained at 0.08 MPa differed between collection seasons (Fig. 3a) . The xylem sap amount tended to increase during the winters, with the maximum amount obtained in March 2007 and February 2008. The amount of xylem sap obtained under a constant vacuum pressure is thought to reflect root hydraulic conductivity (Freundl et al. 1998 , Hose et al. 2000 . Increased conductivity in early spring may reflect water supply to the leafless shoot with weak transpiration. Considering the status of trees, such as age and growing conditions, estimation of flow volume based on the literature was difficult. However, the real flow volume is supposed to be larger than artificially obtained volume under constant negative pressure in leaf-expanded summer season with active transpiration and smaller in leafless winter season. Therefore, the concentrations of each component really translocated in xylem sap might be lower and higher than our results in summer and winter seasons, respectively. The possible difference between real flow volume and artificially obtained volume suggests that the concentrations of each component in the sap in intact xylem vessels might more drastically fluctuate comparing to our results.
Throughout the experimental period, potassium (K) and calcium (Ca) were abundant in the xylem sap, with peak concentrations in March during the first winter and in December (K) and January (Ca) during the second winter (Fig. 3a) . Magnesium (Mg) exhibited a low, broad peak in March and December in 2007 and 2008, respectively (Fig. 3a) . Freezing-induced Ca 2+ influx from extracellular spaces has been reported to trigger the resealing of puncture sites by membrane fusion (Yamazaki et al. 2008) . In our experiments, Ca in xylem sap peaked at 2-3 mM, which may contribute to exocytosis-mediated freezing tolerance mechanisms in poplar shoot cells during winter. The concentrations of inorganic elements, especially K and Ca, were much higher in winter to early spring, but such tendency was observed neither in inorganic or organic anions including acidic amino acids and organic acids (Table 1 ). Since those inorganic elements are known to be translocated in the form of cationic ion, sum of cationic ions might be much higher than that of anionic ions in the winter xylem sap, though not all of anionic components in the xylem sap were measured. It might be possible that the balance between cations and anions in xylem sap is disrupted in winter. Escher et al. (2004) reported that glucose and sucrose concentrations gradually decrease from spring to autumn in Populus × euramericana. In our study, however, the glucose concentration clearly increased in March 2007 and January 2008 and sucrose levels were low throughout the experimental period (Fig. 3c ). Though the local exchange of sugars may occur between the vessels and parenchyma cells in stem (Sauter et al. 1973) , the source of xylem sap glucose was not well identified. The accumulation of free sugars in the xylem sap may promote water movement into xylem vessels to refill embolized xylem by decreasing osmotic potential (Améglio et al. 2001 , Sakr et al. 2003 .
ABA was the most abundant plant hormone in xylem sap in all seasons, peaking at ~20 nM (Fig. 3b ). In the second year, ABA concentration increased in late autumn and early spring with a temporal decrease during the cold period. Xylem sap ABA peaks around December in sugar maple, although the species are different, suggesting that winter acclimation triggers the ABA increase to a peak level just before maximum acclimation (Bertrand et al. 1997) . Winter acclimation of poplar initiated under the regulation of ABA (Ruttink et al. 2007) , and after the late stage of acclimation, most of Populus species can survive well against the temperatures below -60 o C (Renaut et al. www.plantroot.org 59 2005) . Therefore, the ABA increase before the cold period in our study may also have been related to cold acclimation. Aquaporins play a key role in radial water transport in roots under both hydrostatic and osmotic gradients (Martre et al. 2002 , Javot et al. 2003 , Maurel 2007 , and their gene expression is induced by Table 1 Substances identified in xylem sap obtained at each sampling date from Populus nigra growing at the University of Tsukuba. Bar (-) means "under quantification limit". GA 1 to GA 53 are bioactive gibberellic acids and intermediates in its biosynthetic pathway. Among 43 investigated plant hormones, tZOG, DZ9G, iP7G, IA-Ala, IA-Leu, IA-Asp, IA-Trp, IA-Phe, GA 1 , GA 3 , GA 4 , GA 7 , GA 8 , GA 9 , GA 12 and GA 24 were under quantification limit at all sampling date endogenous ABA (Parent et al. 2009 ). Therefore, the up-regulation of water transport by ABA may cause the increase in xylem sap volume in early spring. The tissues and organs responsible for ABA synthesis remain to be determined.
Peaks of tZR and tZ in early spring had similar timing to that of the ABA increase in the spring of 2007 and 2008. Cytokinins are involved in the suppression of leaf senescence (Kato et al. 2002 , Soejima et al. 1992 , lateral bud development (Beveridge et al. 1997) , and response to nitrogen availability (Takei et al. 2001) . Therefore, the increase in cytokinins in poplar xylem sap may be related to spring shoot growth.
Our results clearly indicated the existence of sea-sonal fluctuations of xylem sap components in Poplar. However, the fluctuation pattern was differed between two investigated seasons. Fig. 1) . The longer period of low temperatures in the second season was consistent with an earlier and broader peak in various xylem sap substances. These suggest that low temperatures, possibly below 5C, may trigger an increase in xylem sap quantity and a shift in its composition, possibly related to a low tempera- ture-induced cold acclimation and break in shoot dormancy (Heide 1993 , Espinosa-Ruiz et al. 2004 ).
The ground temperature at a depth of 1 m (1990 to 1999; provided by the Terrestrial Environmental Research Center, University of Tsukuba; http://www.suiri.tsukuba.ac.jp/TERC/database.html) was about 12C in mid-winter, whereas air temperature was about 5 o C. The ground temperature was much more moderate and constant than air temperature throughout the year at our research site. These temperature data suggest that the low temperature may be perceived in the shoot or surface root. Our results suggest that roots support shoot activity in advance of the induction of shoot growth after dormancy break. To reveal the regulatory environmental factors for root functions more in detail, experiments under artificially controlled conditions will be required, and molecular studies will be also required to elucidate the functions of the xylem sap components.
